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ProcapsidProper assembly of viruses must occur through speciﬁc interactions between capsid proteins. Many double-
stranded DNA viruses and bacteriophages require internal scaffolding proteins to assemble their coat pro-
teins into icosahedral capsids. The 303 amino acid bacteriophage P22 scaffolding protein is mostly helical,
and its C-terminal helix–turn–helix (HTH) domain binds to the coat protein during virion assembly, directing
the formation of an intermediate structure called the procapsid. The interaction between coat and scaffolding
protein HTH domain is electrostatic, but the amino acids that form the protein–protein interface have yet to
be described. In the present study, we used alanine scanning mutagenesis of charged surface residues of the
C-terminal HTH domain of scaffolding protein. We have determined that P22 scaffolding protein residues
R293 and K296 are crucial for binding to coat protein and that the neighboring charges are not essential
but do modulate the afﬁnity between the two proteins.and Cell Biology, University of
nty Road, Ipswich, MA 01938,
rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Viruses assemble through a highly concerted process with accu-
racy and reproducibility. Many icosahedral viruses form their capsid
shells from a single major capsid or coat protein that adopts quasi-
equivalent conformations. In order to accurately adopt such icosahe-
dral symmetry, the coat proteins of many double-stranded (ds) DNA
animal viruses (e.g., Herpesviruses) and bacteriophages (e.g., lamb-
da, ϕ29, T4, T7, P2 and P22) require the assistance of internal scaf-
folding proteins, which are only transiently present during virion
assembly. Scaffolding protein and coat protein co-assemble into
stable virion precursor structures called procapsids, and the scaf-
folding protein is removed before or during DNA packaging
(reviewed by Dokland, 1999; Fane and Prevelige, 2003).
In the case of bacteriophage P22, which infects Salmonella enterica
serovar Typhimurium, the absence of scaffolding protein results in
inefﬁcient coat protein assembly in vitro (Prevelige et al., 1988) and
assembly of coat protein into aberrant structures in vivo (King andCasjens, 1974). When scaffolding protein is present, assembly of
procapsids occurs through a nucleation-limited process (Parent et al.,
2005; Prevelige et al., 1988). Completed procapsids contain 415 mole-
cules of coat protein, 60 to 300molecules of scaffolding protein, a single
dodecameric portal protein ring, and several molecules of auxiliary
ejection proteins (Botstein et al., 1973; Casjens and King, 1974; Parker
et al., 2001). DNA is then packaged into procapsids and the capsid
shell undergoes an expansion that results in a 10% increase in radius
(Earnshaw et al., 1976; Prasad et al., 1993). In many dsDNA bacterio-
phages and Herpesviridae, scaffolding protein is cleaved by proteases
(reviewed in Fane and Prevelige, 2003). However, in other viruses the
scaffolding protein is not cleaved, and this is the case for bacteriophage
P22. Its scaffolding protein exits the procapsid intact before or during
DNA packaging, probably through channels in the center of the coat
protein hexons (Chen et al., 2011; Parent et al., 2010; Prasad et al.,
1993; Teschke and Parent, 2010). P22's scaffolding protein autoregu-
lates its own synthesis (Casjens and Adams, 1985; Casjens et al., 1985;
King et al., 1978; Wyckoff and Casjens, 1985), and in lysis-inhibited
infections, is recycled through approximately ﬁve rounds of procap-
sid assembly (Casjens and King, 1974; King and Casjens, 1974). In
addition to its role in coat shell assembly, P22 scaffolding protein is
required for incorporation of the portal protein (Weigele et al., 2005).
The P22 virion is completed by the addition of tails to the portal vertex
of the DNA-containing particle (reviewed by Casjens and Thuman-
Commike, 2011).
Fig. 1. The P22 scaffolding protein helix–turn–helix domain (HTH). The NMR structure of the HTH domain, residues 264–303, is shown. Helix 1 comprises amino acids 269 through 283,
the turn region is amino acids 284 through 288, and helix 2 is amino acids 289 through 300. The minimal coat-binding region is comprised of amino acids 280–294. All charged residues
are depicted as stick diagrams. The box delimits the minimal coat-binding region, residues 280–294. The structure (PDB ID: 2gp8) was manipulated using PyMol (San Carlos, CA).
Table 1
In vivo functionality of P22 phages with altered scaffolding proteins.
Scaffolding protein variant change Induction #1a Induction #2a
Wild-typec 9.5×109 3×1010
K278A 6×109 7×109
D281K 8×109 1×1010
A282Dc 1×1011 8×1010
K286Eb 6×1010 5×1010
D288Rc 2×1010 4×1010
E290Ac 6×109 7×109
E290K 1×1010 2×1010
T291D 2×1010 6×1010
R293E b104 2×102
R293Ab,c 6×1010 5×1010
R293G 1×109 (nt) 9×109
K294E 9×1010 5×1010
R293A/K294A 2×1010 1×1010
K296A 8×109 1×1010
A297D 8×1010 1×1011
K298A 5×109 5×1010
5-Alab 6×1010 2×1010
6-Ala b105 b105
SM1c 1×1010 1×1010
SM2 b105 b105
SM3 b105 b105
SM4 1×109 2×108
Δ299–303 b104 b104
C-terminal his-tagc 1×1010 nd
N-terminal his-tagc 1×1011 nd
nt no exogenous tails added.
nd not done.
a Number of phage/mL produced upon induction in two independent experiments
(titered on host strain DB7004; see Materials and methods).
b Prophage does not carry the 13–amH101 mutation and is in sup+ strain DB7004;
all others are in supo strain UB-20. This does not cause any interpretational difference
except that the yield could be somewhat lower because of earlier lysis.
c Scaffolding protein has P at position 259 (the others have H in this position; this
difference does not affect its function, see text).
2 J.R. Cortines et al. / Virology 421 (2011) 1–11The P22 scaffolding protein is mostly helical, 303 amino acids in
length, with a highly charged helix–turn–helix (HTH) structure at
its C-terminus (Fig. 1; Sun et al., 2000; Tuma et al., 1998). Maximum
ﬁdelity of assembly is dependent upon the full length scaffolding pro-
tein; however, the C-terminal fragment of scaffolding protein that
contains amino acids 238–303 is able to support assembly of
procapsid-like particles, albeit with increased formation of aberrant
structures (Parker et al., 1998). Deletion analysis has shown that res-
idues 280–294 of the HTH comprise the minimal coat-binding region
(MCBR) (Greene and King, 1996, 1999; Weigele et al., 2005), which
binds coat protein mainly through electrostatic interactions (Parent
et al., 2005; Parker and Prevelige, 1998). More speciﬁcally, 25 mM
sodium chloride allows proper assembly of procapsids in vitro, but
1 M NaCl inhibits this reaction. Inhibition is likely due to destabiliza-
tion of the interaction between coat protein monomers and scaffold-
ing protein (Parker and Prevelige, 1998). Furthermore, in the absence
of sodium chloride, in vitro assembly reactions result in kinetically-
trapped, bowl-shaped ‘half procapsid’ structures (Parent et al., 2005).
These incomplete structures result from an increased afﬁnity between
scaffolding protein and coat protein in low salt, which leads to the for-
mation of too many nuclei and ultimately causes complete depletion
of coat protein monomers. These partially assembled procapsid struc-
tures will be called ‘halves’ herein (Parent et al., 2005). In the present
study, we investigated the importance of charged residues on the sur-
face of scaffolding protein's HTH domain in binding to coat protein
and stimulating procapsid assembly. We identiﬁed two residues that
are most important for binding to coat protein and show that other
charged residues serve as modulators of this interaction.
Results
Scaffolding protein binding to coat protein in vivo is refractory to single
amino acid changes in its HTH domain
Mutant scaffolding proteins expressed from the phage P22 genome
In order to begin to dissect the details of scaffolding protein–coat
protein contacts, scaffolding protein variants with changes that alter
different surface exposed residues of the HTH domain were tested
for in vivo function. Mutations were recombineered into a P22 pro-
phage lysogen (see Materials and methods), the mutant prophages
were induced to lytic growth with mitomycin C and the phage yieldwas measured by titering (Table 1). This assay provides a simple
means to assess the ability of each scaffolding variant to fully support
procapsid and virion assembly in vivo. Prophage mutants with charges
reversed or neutralized at positions D281, K286, D288, E290, K294,
K296, K298, K300 or R303 did not block scaffolding protein func-
tion in vivo. Only a charge reversal of arginine 293 to glutamic acid
completely blocked scaffolding protein function. Interestingly, when
3J.R. Cortines et al. / Virology 421 (2011) 1–11amino acid R293 is replaced by alanine or glycine the resulting phages
produced normal or nearly normal virion yields, indicating that even
this positive charge is not absolutely required for functionality.
We also tested the effect of the HTH substitutions on assembly
of procapsid-like particles in vivo by expressing scaffolding protein
N-terminal deletion mutant (Δ1–140) from a plasmid during an
infection by a scaffolding protein and DNA packaging defective P22
as described by Weigele et al. (2005). None of the substitutions at
eleven different surface exposed residues blocked the truncated
scaffolding protein's ability to bind coat protein by this test (Supple-
mentary Material Table S1). The failure of these many changes to
inactivate scaffolding protein indicates that the interactions between
scaffolding and coat proteins are distributed and/or redundant. Since
these in vivo assays were so insensitive to these amino acid changes,
in vitro assembly studies were pursued where the reaction conditions
could be readily controlled.Analysis of scaffolding protein–coat protein interactions in vitro
Charge-removal amino acid substitutions in the scaffolding protein MCBR
do not signiﬁcantly affect its stability or overall secondary structure
To avoid concerns that the structure of scaffolding protein would
be affected by more drastic changes, we studied charge removal (ala-
nine) substitutions, since alanine has a high propensity for helix
formation (Creighton, 1993). For ease of puriﬁcation, all scaffolding
proteins carried the pET-15b N-terminal hexa-histidine containing
tag MGSHHHHHHSSGLVPRGSH- (referred to as ‘his-tag’ herein), which
does not affect scaffolding protein function in vivo (Table 1). To
determine whether the charge-removal alanine substitutions affect
the overall structure and stability of full-length scaffolding protein, the
melting temperatures (Tm) of the mutant proteins were analyzed by
circular dichroism (Fig. S1). The Tm of the his-tagged wild type (WT)
scaffolding protein was within error (≤1 °C) of authentic untagged
WT scaffolding protein (Table S2). The Tms of the singlemutant proteins
were all within 2.3 °C of his-tagged WT scaffolding protein, and there
was no change in the cooperativity of the unfolding reaction (data not
shown). Partial chymotrypsin digestion of the mutant proteins also
showed no evidence for any changes in overall structure (data not
shown). Mass spectrometry analysis indicated a chymotrypsin cleavage
site at amino acid 164 in the his-tagged protein that is not present
in the untagged WT protein, but no differences in the rates of pro-
teolysis were observed. These ﬁndings suggest that the various aminoWT
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Fig. 2. R293A, R293E and K296A scaffolding proteins are deﬁcient in binding to empty proc
night at room temperature. The resulting samples were pelleted through a 20% sucrose cus
folding protein; s–h, histidine-tagged scaffolding protein. The bands were quantiﬁed by d
incorporated into shells for each scaffolding protein variant relative to that of authentic W
lane is the P22 encoded ejection protein gp20 that is present in our non-histidine tagged WT
folding proteins and therefore has no effect on the quantiﬁcation of the gel bands.acid substitutions caused no gross structural changes to scaffolding
protein.
Coat binding activity of scaffolding proteins with altered MCBRs
Since electrostatic interactions are critical for the scaffolding pro-
tein:coat protein interaction (Parent et al., 2005; Parker and Prevelige,
1998), in this mutational study we initially focused on surface charge
removal alanine substitutions in theMCBR (amino acids 280 through
294, above). First we characterized the ability of mutationally altered
scaffolding proteins to re-enter through holes in the procapsid lattice
and bind to preassembled empty coat protein shells (procapsids
chemically stripped of scaffolding protein; Greene and King, 1994).
This assay allows examination of coat binding without the require-
ment that the scaffolding protein be able to nucleate assembly. Scaf-
folding protein's ability to bind the inside of shells is correlated with
its ability to bind to coat protein monomers (Parker et al., 1998;
Suhanovsky et al., 2010; Teschke and Fong, 1996). Puriﬁed scaffold-
ing proteins were incubated with empty procapsid shells, and the
scaffolding protein bound to shells was pelleted by ultracentrifuga-
tion. The amount of bound scaffolding protein was quantiﬁed by
densitometry of SDS-PAGE gels of the resuspended pellet (Fig. 2).
The his-taggedWT protein reproducibly bound slightly less efﬁcient-
ly than the untagged wild-type scaffolding protein. This observation
was reproduced in both the salt titration and kinetic experiments
below, suggesting that the his-tag has a small negative effect on
the activity of the protein. Nonetheless, the his-tagged WT scaffold-
ing protein is fully functional for procapsid assembly in vitro. The
K286A, D288A, E290A and K294A scaffolding proteins bound shells
with similar efﬁciency to his-tagged WT scaffolding protein, and
the R293A and R293E proteins were deﬁcient in shell binding. The
importance of R293 is in agreement with observations that fragment
141–292 is unable to bind shells (Parker et al., 1998), and that R293E
protein is not able to support phage assembly in vivo (above). To fur-
ther investigate the ability of scaffolding protein variants to support
procapsid assembly, in vitro procapsid assembly reactions were ex-
amined in the following sections.
In vitro procapsid assembly activity of scaffolding proteins with altered
MCBRs
When puriﬁed P22 scaffolding protein and coat protein mono-
mers are mixed under appropriate conditions, procapsid-like parti-
cles spontaneously assemble (Fuller and King, 1982; Parent et al.,K2
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Fig. 3. Single amino acid substitutions in the minimal coat-binding region of scaffolding
protein affect afﬁnity for coat protein. Each scaffolding protein variant was incubated
overnight with coat protein in the presence of increasing ﬁnal concentrations of
NaCl. The products of the assembly reactions were analyzed by electrophoresis through
1.2% agarose gels. Scaffolding protein amino acid substitutions are indicated to the left
of each agarose gel. Uncontrolled assembly (ua) of coat protein alone is shown in the
panel labeled ‘coat alone’. Gel positions are indicated as follows: coat monomers, ‘c’;
coat and scaffolding proteins monomers, labeled ‘c+s’; whole procapsids, ‘PC’; and
‘halves’, an asterisk. It is important to note that coat protein and scaffolding protein
co-migrate in the agarose gels. The salt titration gels are representative of at least
three experiments.
4 J.R. Cortines et al. / Virology 421 (2011) 1–112005; Prevelige et al., 1988). For ease of discussion, we refer to this
process as in vitro procapsid assembly. P22 procapsid assembly is a
nucleation-dependent process, which follows sigmoidal reaction
kinetics (Prevelige et al., 1993). Analysis of the nucleation (lag) and
elongation (~linear growth) phases can dissect the proteins' function
during procapsid assembly. In such experiments the procapsid assem-
bly is observed either by visualizing procapsids, partially assembled
states, andmonomers as bands in agarose electrophoresis gels (Teschke
et al., 2003), or by following light scattering at 500 nm (Teschke and
Fong, 1996). Under the conditions of our experiments, coat protein
undergoes some uncontrolled assembly without scaffolding pro-
tein, which accounts for approximately 6% of the ﬁnal products
(M. Suhanovsky and C. Teschke, unpublished).
Proper assembly of procapsids in vitro is highly dependent on
the anion concentration, which is consistent with the electrostatic
interaction between coat and scaffolding proteins (Parent et al.,
2005; Parker and Prevelige, 1998). In the absence of salt, the afﬁnity
between scaffolding protein and coat protein is high, giving rise to
bowl-like ‘halves’ as the product of the in vitro assembly reaction
at the scaffolding/coat proteins ratio used in the experiments below;
however, scaffolding and coat proteins properly co-assemble into com-
plete procapsids at 60 mM NaCl (Parent et al., 2005). The NaCl lowers
the afﬁnity between coat and scaffolding monomers so that fewer
nuclei are formed and there is sufﬁcient coat protein to complete
assembly of procapsids. Here we use the observation of the assem-
bly of complete procapsids as NaCl concentrations are increased as
an indirect means to monitor coat protein:scaffolding protein afﬁn-
ity; the lower the NaCl concentration at which assembly products
switch from ‘halves’ to whole procapsids, the weaker the binding
between coat and scaffolding proteins during nucleation (Parent
et al., 2005).
Coat binding afﬁnity determined by salt titration of in vitro assem-
bly reactions showed that the E290A and K294A scaffolding proteins
have moderately reduced afﬁnity (procapsids form at N15 mM
NaCl), the D288A protein's afﬁnity is more reduced (procapsid assem-
bly at N5 mMNaCl), and the K286A protein is most severely impacted
(no NaCl required for procapsid assembly). Scaffolding proteins car-
rying the R293A or R293E substitution showed no signiﬁcant assem-
bly product at any NaCl concentration (Fig. 3; Table 2). Kinetic
analysis of assembly by light scattering measurements at 45 mM NaCl
gave similar results with a few quantitative differences; the K286A,
D288A, and E290A proteins had half-times for assembly completion of
about 5 min (the T1/2 of his-tagged WT protein is 3 min), while the
K294A protein had a signiﬁcantly longer lag phase and a half time
for its elongation phase of approximately 8 min (Figs. 4B and C).
These kinetics suggest that K294A may have a speciﬁc effect on
the nucleation step, perhaps by affecting scaffolding protein dimer-
ization (Padilla-Meier and Teschke, 2011). Finally, no assembly was
observed by light scattering measurements with the R293A or
R293E proteins (Fig. 4D). Electron micrographs of representative
assembly reactions with WT his-tagged and E290A scaffolding pro-
teins are shown in Fig. 5. The presence of some aberrant structures
in the E290A sample may explain why the light scattering was
slightly higher than WT for this protein (Fig. 4B). These in vitro as-
sembly experiments conﬁrmed the in vivo results that showed that
R293 is important for scaffolding and coat protein interaction.
Individually removing the surface charge of each amino acid in
the MCBR resulted in reduced afﬁnity for coat protein; however,
these variants still function well enough in vivo to allow phage pro-
duction. Therefore, multiple charge removal variants 5-Ala and
6-Ala (Fig. 6) were generated to test the additivity of these modest
changes. The 5-Ala protein has ﬁve of the six charged MCBR residues
(D281, K286, D288, E290 and K294) changed to alanine. The removal
of these charges affected the protein's melting temperature only
slightly, indicating that its overall structure was not grossly different
from WT scaffolding protein (Fig. S1). The 5-Ala prophage producednormal numbers of progeny upon induction indicating full function
in vivo (Table 1). The 6-Ala protein carries R293A in addition to the
5-Ala changes and was not active in in vivo prophage induction
experiments (Table 1). Since R293 is crucial for in vitro assembly
activity, we did not pursue the in vitro study of the 6-Ala protein.
Salt titration assembly experiments showed that no NaCl was re-
quired to form whole procapsids with the 5-Ala protein (Fig. S2), and
light scattering values for assembly at 45 mM NaCl were reduced by
~50% relative to the WT control (Fig. 7A). Electron micrographs of the
in vitro assembly products showed apparently normal procapsids
(Fig. 5).We also performed experiments to test whether the precise
Table 2
In vitro assembly properties of altered scaffolding proteins.
Scaffolding
protein varianta
In vitro assembly
at 45 mM NaCl
mM NaCl required to achieve
procapsid assembly
Relative
afﬁnityb
WT 100% 60 +++
K286A 50% 0 ++
D288A 75% 5 ++
E290A 125% 15 ++
R293A b10% – –
R293E b10% – –
R293G b10% 0 +
K294A 50% 15 +
K296A b10% 0c –
K298A 44% 15 ++
K300A 27% 0 +
R303A 37% 0 +
5-Ala 50% 0 +
SM1 75% 15 ++
SM2 b10% – –
SM3 b10% – –
SM4 50% 0 c +
a All scaffolding proteins carry an N-terminal his-tag (see text).
b Qualitative analysis of the relative afﬁnity of scaffolding protein mutants for coat
protein monitored by the production of ‘halves’ relative to WT his-tagged scaffolding
protein in in vitro assembly reactions, determined by analysis of agarose gels. ‘+++’
denotes presence of ‘halves’ at NaCl concentrations of ≤30 mM (afﬁnity similar to
WT scaffolding protein); ‘++’ denotes formation of ‘halves’ at NaCl concentra-
tions≤15 mM (mildly decreased afﬁnity); ‘+’ denotes the absence of ‘halves’ at any
given NaCl concentration (moderately decreased afﬁnity), and ‘–’ is the absence of as-
sembly products at any NaCl concentration.
c Extent of assembly was less than with his-tagged WT protein.
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5J.R. Cortines et al. / Virology 421 (2011) 1–11positioning of the arginine is important by testing mutant SM3
(Fig. 6) in which all the charges in the MCBR are removed except
K294, which was changed to arginine. It was not active in either
procapsid assembly or the prophage induction assays, indicating
the positioning of R293 is important (Fig. 7B).
In summary, scaffolding protein-dependent procapsid assembly is
affected greatly by changes at R293, and moderately affected by sub-
stitutions, either alone or together, that remove the other ﬁve charges
in the MCBR. The effects of the non-R293 charge removals do not ap-
pear to be strictly additive; if they were, the 5-Ala scaffolding protein
would be expected to be inactive. The fact that removal of ﬁve of the
six charges in the MCBR did not abolish the interaction with coat pro-
tein was unforeseen, given the previous evidence that electrostatic
interactions are critical for the scaffolding:coat interaction. However,
the importance of R293 (and K296, below) is consistent with an elec-
trostatic interaction.Fig. 4. Kinetics of procapsid assembly with mutant scaffolding proteins. Scaffolding vari-
ants and coatmonomerswere rapidlymixed at 45 mMNaCl and the assembly kinetics fol-
lowed by light scattering at 500 nm. In (A) wild-type with and without the N-terminal
histidine-tag are compared. The scaffolding variant assembly reactions were classiﬁed
as: (B) similar to his-tagged WT, (C) mildly defective, or (D) inactive. Coat protein alone
was used to monitor uncontrolled assembly. In panel A, the trace for WT-6 his scaffolding
protein is normalized to that of WT scaffolding protein. In panels B–D, the traces are nor-
malized to WT 6-his scaffolding protein, as described in Materials and methods.Scaffolding protein surface charges outside the MCBR affect its ability to
assemble procapsids
The rather small and non-additive effects on scaffolding protein
function generated by changes within the MCBR caused us to con-
sider the possibility that residues outside this region might have
similar “accessory” roles in procapsid assembly that could have
been missed by our previous deletion analysis (Weigele et al., 2005).
In support of this idea, we found that deletion of ﬁve C-terminal scaf-
folding protein amino acids outside the MCBR blocked in vivo virion
production (Table 1), even though they are not required for coat bind-
ing in vivo (Weigele et al., 2005). Therefore, we changed charged
residues in the HTH domain outside the MCBR and examined their
function. Mutant SM1 changed ﬁve charged amino acids (D267A,
K273A, D274A, R277A and K278A) in the N-terminal portion of
helix 1 to alanine (Fig. 6A). This protein was fully functional for
phage production in vivo (Table 1), was mildly affected for in vitro
assembly (Fig. 7A), and electron micrographs of the in vitro assem-
bly products showed normal procapsids (Fig. 5), indicating that
the charged residues of helix 1 outside of the MCBR are not very
important for assembly.Mutant SM2 changed the four charged residues (K296, K298, K300
and K303) in the C-terminal half of helix 2 to alanine, in addition to
carrying the 5-Ala substitutions (above; Fig. 6A). SM2 protein did
not support assembly at any NaCl concentration (Figs. 7A and S2)
and was nonfunctional in vivo (Table 1), showing that charged amino
acids outside the MCBR in helix 2 are required for assembly, at least in
the absence of the ﬁve 5-Ala MCBR charges. To test which of these
charged residues is responsible for the loss of function in SM2, we
analyzed the single substitution mutants, K296A, K298A, K300A
and R303A. The K296A and K298A proteins each retain sufﬁcient
activity to allow approximately normal virion production in vivo
(Table 1; K300 and R303A were not tested in vivo). However, the
K296A protein binds coat protein shells poorly (Fig. 2) and assem-
bles into procapsids in vitro very slowly (Fig. 7B); after overnight
A B
DC
Fig. 5. Electron micrographs of in vitro procapsid assembly products. Procapsid assem-
bly reaction products with the following scaffolding proteins were observed by nega-
tive stain electron microscopy: (A) WT his-tag; procapsids generated with authentic
WT scaffolding protein are shown in the inset, (B) E290A, (C) 5-Ala and (D) SM1.
The magniﬁcation was 43,000×. Scale bar represents 100 nm.
6 J.R. Cortines et al. / Virology 421 (2011) 1–11incubation procapsids do accumulate to a much lower yield and
only at lower NaCl concentration than the WT control. On the
other hand, the K298A, K300A and R303A proteins all bound coat
shells with intermediate efﬁciency (Fig. 2) and had moderately re-
duced activity by light scattering (44%, 27% and 37%, respectively;
Fig. 7B). In addition, the SM4 scaffolding protein (SM2 with the WT ly-
sine restored at position 296; Fig. 6A) functioned in vivo to produce an
only moderately reduced phage yield (Table 1).
Thus, we conclude that K296 plays an important role, but is less
critical than that of R293 in scaffolding protein function. The K296
charge is important in vitro when present as a single substitution,
and is critical in vivo when other nonessential HTH surface charges
are also removed. In the absence of all other charged residues of
helix 2 and the loop, R293 and K296 alone were sufﬁcient to allow
phage production and in vitro procapsid assembly.
High scaffolding protein concentrations rescue assembly of R293A and
K296A scaffolding proteins
Scaffolding proteins bearing substitutions R293A or K296A are
able to support phage production in vivo, but each has a deleterious
effect on in vitro assembly. In lysis-inhibited infected cells, scaffolding
protein is estimated to be present at 1–5 mg/mL (Parent et al., 2006;
Wyckoff and Casjens, 1985), which is higher than the 0.5 mg/mL used
in the above in vitro assembly reactions. Therefore, increasing concen-
trations of the R293A, R293E and K296A scaffolding proteins were
mixed with coat protein and assembly was monitored by light scat-
tering. The highest concentration (2.0 mg/mL) of R293A and K296A
proteins was able to promote procapsid assembly, albeit at substan-
tially lower levels than WT for R293A (Fig. 7C). On the other hand,
R293E was unable to support assembly even at 2 mg/mL. These ﬁnd-
ings resolve the apparent difference between in vitro and in vivomea-
surements of the activity of these two mutant proteins.
Discussion
Virus assembly intermediate structures often contain proteins in
metastable conformations. This allows robust assembly intoorganized capsids, but also allows changes in protein:protein interac-
tions that are needed later in the virus life cycle. During nucleation-
dependent assembly of phage P22 procapsids, coat protein must in-
teract with its internal scaffolding protein in order to give rise to
procapsids with the correct size and shape; yet these interactions
must readily be disrupted so that scaffolding protein can be released
from the procapsid and DNA can be packaged.
Two charged surface residues of P22 scaffolding protein's HTH are crucial
to its function
Biophysical analyses have shown that P22 scaffolding protein:
coat protein interactions are mainly electrostatic (Parent et al., 2005;
Parker and Prevelige, 1998), and the surface of scaffolding protein's
coat binding site is highly charged (Sun et al., 2000) (Fig. 6B). We
show here that the coat binding function of the C-terminal HTH domain
of scaffolding protein is refractory to amino acid changes, and many
radical changes such as individual charge reversals or multiple charge
removals in the HTH domain do not block its function. Analysis of
scaffolding protein alanine substitution mutants in the HTH domain
showed that none of the charged surface residues, when changed
individually are essential for in vivo assembly. We note that in vivo
scaffolding protein is controlled in such a manner that it ﬁlls the
available coat protein shells to form procapsids (Casjens and Adams,
1985; King et al., 1978; Wyckoff and Casjens, 1985). It is possible that
when the scaffolding protein afﬁnity for coat protein is lowered by a
substitution, the mutant gene is up-regulated to compensate for poor
binding. Such an effect would tend to minimize the in vivo phenotype
of such mutants. Nonetheless, disruption of the charge distribution by
alanine mutagenesis of residues R293A and K296A caused scaffolding
protein to be inactive in in vitro assembly reactions at concentrations
of 0.5 mg/mL, and both residues are essential in vivo when other non-
essential nearby charged residues are substituted. This requirement
for other changes in vivo was shown to be almost certainly due to the
fact that the concentration in vivo is higher than 0.5 mg/mL and these
two mutant proteins are able to function at higher concentrations.
Since circular dichroism measurements showed no signiﬁcant destabi-
lization of either R293A or the K296A protein, we attribute the changes
in the assembly properties of these variants to the lack of crucial charges
at the scaffolding protein:coat protein interaction interface. We con-
clude that, of the ﬁfteen charged residues on the HTH domain surface,
only R293 and K296 play crucial roles in scaffolding protein's ability to
bind coat protein and assemble into procapsids. A number of the
other charged surface residues appear to play modulatory roles, in
that alanine substitutions at these positions do not eliminate function,
but rather cause less efﬁcient scaffolding function.
Scaffolding protein is in monomer–dimer equilibrium at physio-
logical concentrations (Parker et al., 1997b), and dimers have been
shown to be more effective than monomers in triggering procapsid
assembly (Parker et al., 1997b, 1998). The oligomeric state of the
scaffolding protein variants was not determined in these studies,
but there is no evidence that amino acid changes in this region of
the protein affect oligomerization of scaffolding protein, since the
dimerization site is between residues 1–245 (Sun et al., 2000). Also,
previous studies show that increasing the NaCl concentration from
25mM to 1 M increased the dimerization Kd from 78 μM to 170 μM
(Parker and Prevelige, 1998), so the NaCl concentrations used for the
in vitro assembly reactions presented here most likely had little effect
on the oligomerization of the scaffolding protein variants. Therefore,
we believe that it is unlikely that changes in the properties of the
mutant scaffolding proteins studied here are due to different oligo-
meric states.
We also observed that attachment of the 19 amino acid histidine
tag to the N-terminus had a small negative effect on the afﬁnity of
scaffolding protein for coat proteinwhen compared to native (untagged)
scaffolding protein puriﬁed from phage infected cells. Biochemical and
SM1
SM3
SM2
SM3SM2SM1WT 5-Ala
turn
B
A
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SM4
SM4
Fig. 6.Multi-substituted scaffolding proteins. (A) Schematic of the scaffolding protein helix–turn–helix domain. Positively charged residues are colored blue and negatively charged
residues are colored red. The alanine substitutions are shown for each scaffolding mutant with multiple substitutions. The black line below the diagram delimits the minimal coat-
binding region, which spans residues M280–K294. (B) The surface charge distribution, generated with PyMol, resulting from each of the scaffolding variants depicted in (A), with
exception of 6-Ala, are shown to the right. The orientation of each row is represented by the ribbon structure to the left, in which the residue R293 is shown in blue stick format as a
landmark.
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a U-shaped molecule, allowing the N-terminal region to be in con-
tact with the C-terminal region (Padilla-Meier and Teschke, 2011;
Tuma et al., 1998; Weigele et al., 2005). Addition of positive N-terminal
charges may create an imbalance in charge distribution on the protein
surface. This idea is supported by the observation that the R293E
mutation does not block coat protein binding in vivo when present
in the C-terminal amino acid 141–303 fragment (Table S1), but
does so in full-length scaffolding protein (Table 2). Thus, it appears
that the N-terminal part of scaffolding protein has a negative effect
on coat binding (Parker et al., 1998; Suhanovsky and Teschke, 2011;
P. Weigele and S. Casjens, unpublished data).
Based on our mutagenesis data, a model for the interaction of
scaffolding protein with coat protein was generated (Fig. 8). Accord-
ing to the salt titration assay, the relative afﬁnity of scaffolding
protein for coat protein is least affected by substitutions at D288,
E290, K298, K294 (Fig. 8, green residues), suggesting that thesepositions are the least involved in scaffolding protein:coat protein
interface. Our data also indicate that residues R293 and K296 are
in closest contact with coat protein, and that K286, K300 and
K303 have only moderate roles in binding. Fig. 8 shows that the
side chains of D288, E290, K294, and K298 protrude from the
opposite side of the helix as those of R293 and K296. K300 and K303,
which cause intermediated effects on coat binding, are clearly accessi-
ble from the same side of the HTH as R293 and K296. We hypothesize
that it is this side of the HTH that contacts coat protein. The decrease
in afﬁnity mediated by K286 may be due to changes in the turn of the
HTH. Consistent with this idea, the mutant G287P, which is also in the
turn, has a mild effect on assembly (data not shown).
Scaffolding protein has been suggested to bind to coat protein at
the capsid lattice 3-fold axis of symmetry (‘trimer tips’), represented
by the gray region in Fig. 8 (Chen et al., 2011; Padilla-Meier and
Teschke, 2011; Parent et al., 2010; Thuman-Commike et al., 1996,
2000). To date, our results cannot determine whether scaffolding
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Fig. 7. Procapsid assembly kinetics of multi-substituted scaffolding proteins. Scaffolding
variants (at 0.5 mg/mL unless otherwise indicated) and coat monomers were rapidly
mixed at 45 mM NaCl and the assembly kinetics followed by light scattering at 500 nm.
(A) Multi-substituted scaffolding proteins (Fig. 6) are compared. (B) Scaffolding proteins
with alterations outside of the MCBR in helix 2 are shown. (C) The concentrations of scaf-
folding proteins are varied. All traces were normalized relative to his-tagged WT at
0.5 mg/mL. Scaffolding protein amino acid changes are labeled on the kinetic traces. In
panel C, the * indicates the overlapping kinetic traces of K296A (0.5 mg/mL), K293A
(0.5 mg/mL), and R293E (both 2.0 mg/mL and 0.5 mg/mL) scaffolding proteins.
C
N
coat protein
Fig. 8. Model for scaffolding protein interaction with coat protein. A ribbon diagram of
scaffolding protein C-terminal HTH domain is shown with stick format residues color
coded according to their relative afﬁnity for coat protein: red is inactive (R293), orange
very defective (K296), yellow moderately defective (K286, K300 and R303) and green
mildly defective (D288, E290, K294 and K298). The gray area symbolizes coat protein
with negatively charged residues (denoted by ‘–’) that interact with scaffolding protein
R293 and K296 upon assembly. The N-terminus of the HTH domain is labeled ‘N’ and
residue arginine 303 is labeled ‘C’.
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dimer. Therefore, in the present model we show the binding of a sin-
gle scaffolding protein molecule to coat protein even though the
dimer is likely the most active form during in vitro assembly
(Padilla-Meier and Teschke, 2011; Parker et al., 1998; Tuma et al.,
2008). The electrostatic nature of the scaffolding protein and coat
protein interaction and the observation that residues R293 and
K296 are critical for coat protein binding suggest that acidic residues
in coat protein are likely to be involved in this interaction. Indeed, the
3-fold axis of coat protein symmetry presents a prominent acidic
patch, comprised of residues D14, E15, E18, E97, and D385 of the
three adjacent subunits. Interestingly, upon expansion/maturation,
the polypeptide in this region is rearranged so that these residues
are no longer surface accessible (Chen et al., 2011; Parent et al.,
2010). This change seems likely to be responsible of release of scaf-
folding protein from the procapsid during expansion/maturation.
The search for the region of coat protein interaction with scaffoldingprotein residues R293 and K296 will require further investigation,
presently ongoing in our laboratories.P22 scaffolding protein as a model for the study of protein:protein inter-
action surfaces
Protein function and activity are often linked to their ability to
bind other protein partners. Virus assembly provides a paradigm of
protein:protein interactions in a highly organized process: individual
subunits interact to form accurately assembled protein cages that are
responsible for protecting the viral genome. Protein–protein inter-
faces are formed mainly by hydrophobic surfaces that often contain
charged residues, especially arginine (Janin et al., 2008). Using a data-
base of more than 2000 proteins, Bogan and Thorn (1998) showed
that arginine is one of the most common charged residues present
at protein interfaces at critical ‘hot’ spots. The coat protein binding
domain of scaffolding protein is structurally homologous to the tetra-
tricopeptide repeat 1 protein (TRP1) (Sun et al., 2000), which is
involved in eukaryotic cellular metabolism, and, most importantly,
in protein:protein interactions. TRP1 proteins contain ankyrin re-
peats, which have a HTH motif and are one of the most abundant
folds deposited in the PDB (Li et al., 2006; Sedgwick and Smerdon,
1999). Ankyrin repeats can be quite variable in terms of amino acid
sequence; however, several residues are conserved. One such resi-
due is an arginine in a designed ankyrin repeat (PDB 2xee; Kramer
et al., 2010) that aligns with R293 in scaffolding protein by amino
acid sequence, using the program Top Match (Sippl, 2008; Sippl
andWiederstein, 2008). This arginine site in the 2xee ankyrin repeat
is also in the second helix and shows structural homology to the
scaffolding protein HTH. Interestingly, there is no sequence similar-
ity between ϕ29's scaffolding protein and ankyrin repeats even
though it has partial structural homology to P22 scaffolding protein,
suggesting that these two scaffolding proteins may interact with
their respective coat proteins in different ways. We note, however,
that the scaffolding proteins of phages ϕ29 and P2, as well as her-
pesviruses HSV-1 and cytomegalovirus, all interact with their coat
proteins through amino acid sequences near their C-termini (Chang
et al., 2009; Fu et al., 2007; Hong et al., 1996; Kennard et al., 1995;
Matusick-Kumar et al., 1995; Oien et al., 1997), suggesting that there
could be similarities in their mechanisms of action.
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Bacterial and bacteriophage strains
S. enterica serovar TyphimuriumLT2 strainUB-20 (leuA–414,ΔFels2,
r–, sup°; the kind gift of Dr. Miriam Susskind) was lysogenized with P22
15–ΔSC302::KanR 13–amH101 to create strain UB-1757. Phages were
titered on S. enterica strain amber mutant suppressing strain DB7004
(Winston et al., 1979). Plasmid constructions were transformed into
E. coli NF1829 (Schultz et al., 1982).
The prophage used to carry scaffolding protein mutations (P22
15–ΔSC302::KanR 13–amH101 in Salmonella strain UB-1757) carries
a kanamycin resistance gene to ensure prophage presence and a non-
sense mutation in gene 13 to allow control of lysis by chloroform
addition (Botstein et al., 1973). Strain UB-1757 was constructed as
follows: the 1100 bp BamHI kanamycin resistance gene carrying
fragment from plasmid JM22 (Mekalanos et al., 1983) was cloned
into the unique BglII site of plasmid pTP397 (Casjens et al., 1989).
The resulting plasmid pSC302 carries P22 DNA between P22 bp
38548 and bp 41134 (GenBank accession number BK000583), ex-
cept the kanamycin resistance cassette replaces P22 DNA between
bp 39139 and 40789; these P22 sequences contain part of phage
gene 15 and all of the rha/orf201 gene. The gene 15 product is re-
quired for lysis under high divalent cation conditions, and the Rha
protein blocks phage growth only in infections of IHF defective
hosts (Henthorn and Friedman, 1995). Bacteriophage P22 c+ 13–
amH101 was used to infect Salmonella strain UB-20 carrying pSC302.
The resulting lysate was used to infect naive UB-20 cells, and a lysogen
(strain UB-1757) was isolated by selecting for kanamycin resistance.
Sequencing of the insertion junctions in the resulting prophage con-
ﬁrmed that the KanR cassette is located in the phage at the position
indicated above; this replacement allele was named 15–ΔSC302::
KanR.
Scaffolding genemutations in the P22 15–ΔSC302::KanR 13–amH101
prophage of Salmonella strain UB-1757 were created by lambda Red-
mediated recombineering as described by Karlinsey (2007). The TetRA
tetracycline resistance cassette was PCR ampliﬁed from Tn10dTc in
the genome of S. enterica strain TH2788 using primers that have
3′-end sequences of the tetA and tetR primers with 46 bp of the de-
sired P22 sequence at their 5′-ends. Subsequently, this fragment
was inserted into the P22 prophage of UB-1757 by electroporation
using a BIORAD Gene Pulser (25 μF, 2.4 kV, 200Ω in 0.2 cm cuvettes)
and candidate colonies were selected through tetracycline resistant
transformants (Karlinsey, 2007). Two recipient strainswere constructed
in which TetRA replaces P22 gene 8 codons 279 to 294 (UB-1751) or co-
dons 266 to 303 (UB-1838). Correct placement of the cassette was
conﬁrmed by PCR ampliﬁcation of the inserted cassettes using tet-
OUT and T1test oligonucleotides paired with suitable oligonucleo-
tides that prime 400–900 bp away from the TetRA insertion site in
the P22 genome, followed by sequencing of the cassette and inser-
tion boundaries within the amplicon (Karlinsey, 2007). Insertion of
the TetRA cassette and its replacements (below), were done in the
presence of the ampicillin resistance-encoding plasmid pKD46, which
supplies the necessary lambda Red recombination proteins (Datsenko
and Wanner, 2000; Karlinsey, 2007). This plasmid was removed by
growth overnight on plates at 40 °C when it was no longer needed.
Replacement of the TetRA cassette with a mutant scaffolding protein
gene sequence was performed as follows: a portion of the plasmid-
borne mutant scaffolding protein gene (below) was PCR ampliﬁed
with primers that amplify 400–800 bp that span the site at which
the TetRA cassette is inserted into the prophage. This ampliﬁed
DNA was used to electroporate UB-1751 or UB-1838 cells, and trans-
formants were selected for loss of the TetRA cassette on plates con-
taining 24 mg/mL fusaric acid (Sigma, St. Louis, MO), 20 mM ZnCl2
and 0.25 mg/mL anhydrotetracycline hydrochloride (Thermo Fisher
Scientiﬁc, Waltham, MA) while retaining kanamycin resistance. Theloss of tetracycline resistance and presence of prophage mutations
were conﬁrmed by sequencing using either whole phage DNA (when
the phage was fully functional) or relevant PCR products ampliﬁed
from nonfunctional prophages as template; the entire scaffolding pro-
tein gene was sequenced in each of the mutant phages to ensure no
additional scaffolding protein mutations were present.
Prophages were induced to lytic growth as follows: cells were
grown in LB at 37 °C to 2×108 cells/mL, induced by addition
0.5 μg/mL Mitomycin C (Sigma, St. Louis, MO). The cultures were
then shaken overnight at 37 °C and lysed by addition of chloroform.
Since P22 prophage induction results in virions that are deﬁcient in
tailspikes (Adams et al., 1985; Israel et al., 1967; Schwarz and Berget,
1989b), and these phages lack a functional gene 15, titers were deter-
mined with S. enterica indicator strain DB7004 on LB plates containing
10 mM citrate after addition of saturating amounts of tailspike
protein as previously described (Schwarz and Berget, 1989a, 1989b;
Wu et al., 2002).
Plasmids
The mutant scaffolding protein genes were constructed for ex-
pression in plasmid PP073. This plasmid was created by PCR ampliﬁ-
cation of the scaffolding protein gene from P22 c1-7 13–amH101
(Botstein et al., 1973) using primers whose 5′-tails create an NdeI
site overlapping the ATG start codon and a BamHI site immediately
after the TAA stop codon. After cleavage with NdeI and BamHI, the
ampliﬁed DNA was cloned into plasmid pET-15b (Novagen, EMD Bio-
sciences, Darmstadt, Germany), which places a hexa-histidine tag at
the N-terminus of the expressed protein. The complete scaffolding
protein genes of all the mutant plasmids were sequenced to conﬁrm
that only the directed mutations were present. This P22 strain and
the resulting plasmid PP073 carry a P259H change from wild type
P22 in its scaffolding protein gene that does not affect scaffolding
function (Parker et al., 1997a), and which is present in some of the
mutant prophage constructs (see footnote c of Table 1). For in vitro
experiments, all constructs were modiﬁed to have a proline at posi-
tion 259. Mutations in PP073 were made using the QUICKCHANGE®
site directed mutagenesis and were transformed into DH5α NF1829
or XL-1 blue competent E. coli cells.
Protein puriﬁcation
The plasmids with mutant scaffolding protein genes described
above were transformed into E. coli strain BL21(DE3)/pLysS (Studier,
1991), cells were grown in Luria–Bertani media at 37 °C to an
O.D.600 nm of ~0.2, protein expression was induced by the addition
of 0.4 mM (ﬁnal concentration) isopropyl β-D-1-thiogalactopyrano-
side, and the culture was aerated for an additional 4 h. Cells were har-
vested by centrifugation and resulting pellets were frozen and lysed in
the presence of protease inhibitor cocktail (Sigma-Aldrich, St. Louis,
MO). Cell debris was removed by centrifugation, the scaffolding
protein-containing soluble material was loaded onto a cobalt–NTA af-
ﬁnity Talon column (Clontech, Mountain View, CA), and the protein
was puriﬁed by imidazole step-gradient elution. The his-tagged scaf-
folding proteins eluted in the presence of 250 mM imidazole. Pooled
fractions containing puriﬁed scaffolding protein were concentrated to
5–10 mg/mL by transferring the protein to a 3.5-kDa cut-off dialysis
bag, whichwas then placed on a bed of PEG 20,000. The protein concen-
tration was determined using the Pierce 660 nm Protein Assay as
instructed by the manufacturer (Pierce, Rockford, IL).
Circular dichroism
The secondary structure and stability of the mutant scaffolding
proteins were analyzed using circular dichroism. Protein concentra-
tions were 0.5 mg/mL in 10 mM sodium phosphate, pH 7.6. Spectra
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averaging time per point. Melting curves were obtained for each
mutant in 10 mM sodium phosphate, pH 7.6 at 0.5 mg/mL. The tem-
perature was ramped at 0.3 °C/min from 20 to 80 °C and data col-
lected at 222 nm every 1 °C. The resultant melting curve data was
converted to percentage folded (α) by using the formula:
α ¼ θ−θi=θi−θf
Where θ is the observed ellipticity, θi is the ellipticity at 20 °C and
θf is the ellipticity at the highest temperature. Melting temperatures
were obtained by averaging the temperature values of two data
points nearest the 50% unfolded point, i.e., where values were 0.5.
The data were not ﬁt to any folding model.
Shell reﬁlling assay
Empty procapsid shells were generated as previously described
(Prevelige et al., 1988; Teschke, 1999). Shells at 0.25 mg/mL were
incubated with scaffolding protein at 0.33 mg/mL in 10 mM sodium
phosphate, pH 7.6, for 12–18 h at room temperature. This sample
was layered on a 7 ml 20% sucrose cushion and spun at 40,000 rpm
for 1.5 h in a Sorvall S50-ST rotor. The free scaffolding protein remained
at the top of the tube and so was separated from that which had reﬁlled
the shells. The pellet was resuspended in 50 μL of 10 mM sodium
phosphate, pH 7.6 by shaking at 4 °C overnight. Twenty microliters
of 5× SDS-PAGE reducing sample loading buffer was added to 50 μL
of both pellet and samples were analyzed by 12.5% SDS-PAGE. The
resulting gel was then quantiﬁed by densitometry and the ratio of
scaffolding protein to coat protein in each lane was calculated.
Coat monomer puriﬁcation
For the assembly reactions, P22 coatmonomer proteinwas obtained
by denaturing puriﬁed P22 coat protein shells as previously described
(Anderson and Teschke, 2003; Parent et al., 2007). Brieﬂy, 8 mg/mL
shell stocks were diluted 1:4 into buffered 10 M urea and incubated
for 30 min. An equal volume of 10 mM sodium phosphate, pH 7.6,
was added to the unfolded coat sample, to give a coat monomer
ﬁnal concentration of 1 mg/mL, followed by extensive dialysis against
10 mM sodium phosphate, pH 7.6. During dialysis, some coat protein
undergoes uncontrolled shell assembly, which is removed from soluble
monomeric coat by ultracentrifugation.
Assembly reactions
The kinetics of assembly
Assembly-competent coat monomers were diluted to 0.5 mg/mL
in 10 mM sodium phosphate, pH 7.6. The desired scaffolding protein
was placed in a quartz cuvette, to give a ﬁnal 0.5 mg/mL concentra-
tion. Assembly reactions were triggered by the rapid mixing of the
coat protein solution with the scaffolding protein solution, with a
ﬁnal NaCl concentration of 45 mM. The reactions were then followed
by light scattering measured by a SLM Aminco Bowman 2 spectroﬂu-
orometer, with emission and excitation wavelengths set to 500 nm,
bandpass of 4 nm in both emission and excitation pathways, with
1 s increments. Unless otherwise noted, each kinetic trace was fol-
lowed for 30 min and the temperature was kept constant at 20 °C.
Resulting kinetic traces were normalized to the wild-type scaffolding
protein with or without the N-terminal his-tag by dividing each
kinetics light scattering values by the wild-type maximum light
scattering value. Assembled samples were further analyzed by elec-
tronmicroscopy (see below). For assembly reactions with extra scaf-
folding protein, coat protein monomers at 0.5 mg/mL were mixed
with scaffolding protein variants at either 0.5 or 2.0 mg/mL in
10 mM phosphate buffer with 45 mM NaCl (ﬁnal concentration).Assembly product formation was observed by monitoring light scat-
tering at 500 nm over 60 min.
Assembly reactions assayed at completion
In order to determine the effect of the scaffolding protein amino
acid substitutions on the relative afﬁnity for coat protein, the proteins
were mixed at 0.5 mg/mL each and incubated in the presence of
ﬁnal NaCl concentrations of 0, 5, 15, 30, 45, 60, 75 and 100 mM.
The samples were incubated overnight at room temperature. Reactions
were diluted 2:1 in 50% glycerol, TAE buffer (0.04 M Tris–acetate, 1 mM
EDTA and 0.01% bromophenol blue. Samples were loaded onto a 1.2%
SeaKem LE agarose (Rockland, ME) gels in TAE buffer and run at 100 V
for 60 min. Gels were stained in 10% acetic acid, 0.003% Coomassie blue
R250.
Electron microscopy
Four microliters of procapsids assembled in vitro were spotted
onto carbon coated, copper grids and negatively stained with 1%
uranyl acetate. Grids were visualized in an FEI 493 Technai Biotwin
transmission electron microscope with nominal magniﬁcation of
43,000× operated at 80 kV.
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